Miller RL, Wang MH, Gray PA, Salkoff LB, Loewy AD. ENaC-expressing neurons in the sensory circumventricular organs become c-Fos activated following systemic sodium changes. Am J Physiol Regul Integr Comp Physiol 305: R1141-R1152, 2013. First published September 18, 2013 doi:10.1152/ajpregu.00242.2013The sensory circumventricular organs (CVOs) are specialized collections of neurons and glia that lie in the midline of the third and fourth ventricles of the brain, lack a blood-brain barrier, and function as chemosensors, sampling both the cerebrospinal fluid and plasma. These structures, which include the organum vasculosum of the lamina terminalis (OVLT), subfornical organ (SFO), and area postrema (AP), are sensitive to changes in sodium concentration but the cellular mechanisms involved remain unknown. Epithelial sodium channel (ENaC)-expressing neurons of the CVOs may be involved in this process. Here we demonstrate with immunohistochemical and in situ hybridization methods that ENaC-expressing neurons are densely concentrated in the sensory CVOs. These neurons become c-Fos activated, a marker for neuronal activity, after various manipulations of peripheral levels of sodium including systemic injections with hypertonic saline, dietary sodium deprivation, and sodium repletion after prolonged sodium deprivation. The increases seen c-Fos activity in the CVOs were correlated with parallel increases in plasma sodium levels. Since ENaCs play a central role in sodium reabsorption in kidney and other epithelia, we present a hypothesis here suggesting that these channels may also serve a related function in the CVOs. ENaCs could be a significant factor in modulating CVO neuronal activity by controlling the magnitude of sodium permeability in neurons. Hence, some of the same circulating hormones controlling ENaC expression in kidney, such as angiotensin II and atrial natriuretic peptide, may coordinate ENaC expression in sensory CVO neurons and could potentially orchestrate sodium appetite, osmoregulation, and vasomotor sympathetic drive. area postrema; epithelial sodium channels; enac; organum vasculosum of the lamina terminalis; OVLT; subfornical organ THREE BLOOD-BORNE FACTORS (angiotensin II, aldosterone, and sodium) act in the brain to affect sodium appetite (11). Peptide hormones, such as angiotensin II, bind to receptors in the sensory circumventricular organs (CVOs), which include the organum vasculosum of the lamina terminalis (OVLT), subfornical organ (SFO), and area postrema (AP). Aldosterone, the primary mineralocorticoid hormone, targets a subset of neurons in the nucleus tractus solitarius (NTS) that express the enzyme 11-␤-hydroxysteroid dehydrogenase type 2 (HSD2), making them selectively responsive to this steroid (10). In addition, sodium depletion elicits c-Fos activation of the HSD2 neurons (10). The other brain sites that detect changes in plasma sodium levels are likely to reside in the CVOs (16).
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Plasma sodium levels are tightly maintained within a narrow range of ϳ135-145 meq/l, and it is not clear how slight variations in sodium are sensed. Since sodium is the main determinant of plasma osmolality, it is conceivable that the CVOs function mainly as osmoreceptors (5) rather than sodium sensors. Regardless of the actual cellular mechanism(s) involved, CVO neurons detect changes in the chemical environment (solutes and peptides) in both the cerebrospinal fluid and plasma, and two of them, the OVLT and SFO, send efferent projections to nearby hypothalamic regions that are linked to downstream networks that regulate vasopressin release and the vasomotor sympathetic outflow (24) . In contrast, the AP, via its connections to the HSD2 neurons (44) as well as to the other brain stem cell groups (48) , are likely to modulate the forebrain sites that control the motor behaviors involved in sodium consumption (11, 46) .
CVOs express epithelial sodium channels (ENaCs) (2) . ENaCs (Scnn1) are nonvoltage-dependent, amiloride-sensitive sodium channels. These highly selective sodium channels conduct Na ϩ across the apical membrane of cells in salt-reabsorbing epithelia, such as in the distal nephron where they play a prominent role in regulating extracellular fluid volume, which is an important factor that determines blood pressure. In addition, the absorption of sodium via these channels determines the final concentration of urinary sodium. To date, the bulk of the research done on ENaCs has focused on the kidney (25) , but ENaCs are present in other tissues, including in the sodium taste receptors of the tongue where they function as sodium detectors (6, 31) . Besides central neurons (2, 50) , ENaCs are expressed in astrocytes, endothelial cells, and the choroid plexus (2) raising the possibility that these channels participate in a range of different functions including the maintenance of critical Na ϩ levels in the extracellular space of the brain and spinal cord, regulation of [Na ϩ ] in the cerebrospinal fluid, and potentially detecting changes in plasma sodium levels. We were especially interested in the latter possibility. In the present study, the systemic sodium levels in rats were manipulated by various treatments, and after sufficient time for central nervous system (CNS) changes to occur, the patterns of c-Fos activity in ENaC-immunoreactive neurons of the sensory CVOs were analyzed.
c-Fos is a proto-oncogene that is a member of an immediate early gene family of transcription factors and is widely used as an indirect marker of neuronal activity (9, 23, 43) . While most previous studies have used c-Fos immunohistochemistry as a marker for short-term neuronal changes (ϳ90 -120 min), we found that this method is useful for detecting activated neurons after long-term periods of sodium deprivation (10) . Thus in the present study we used this method to study the brain following both short-and long-term systemic sodium manipulations.
EXPERIMENTAL PROCEDURES
The experiments described here were approved by the Washington University School of Medicine (WUMS) Institutional Animal Care and Use Committee and followed National Institutes of Health guidelines. Sprague-Dawley adult male and female rats (Charles River Laboratories, Wilmington, MA) were provided access to tap water and standard rat chow (PicoLab rodent no. 20, 0.33% sodium; LabDiet, Richmond, IN) ad libitum. The rats were housed in a room with an automated lighting system: 12 h-12 h light-dark schedule (lights on at 5:30 AM; lights off at 5:30 PM) and with automatic climate control. The day before each experiment, the rats were housed in individual cages.
Normal material. Between 7 and 10 AM, rats were anesthetized with freshly prepared 8.0% chloral hydrate (1 ml/100 g body wt ip; Sigma, St. Louis, MO) and perfused through the heart with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH ϭ 7.4). The brains were removed and stored in fixative for 3-5 days. The brains were used for immunohistochemistry and in situ hybridization. All sections were cut in the transverse plane at 50 m on a freezing microtome.
Immunohistochemistry (IHC). Free floating sections were processed by a double indirect ABC immunofluorescence procedure that allowed for the covisualization of two different antigens. Triton-X 100 was omitted from all of the solutions to prevent the solubilization of ENaCs. All solutions were made in a 5% donkey serum in a 0.1 M sodium phosphate buffer (pH ϭ 7.4) containing 0.01% sodium azide. All histochemical reactions were carried out on a rotary shaker at room temperature.
Frozen sections were incubated in rabbit anti c-Fos (1:8 K, EMD Millipore, Billerica, MA) or chicken anti c-Fos solution (1:1250; Abcam, Cambridge, MA) for 1-2 days, washed in 0.1 M potassium phosphate-buffered saline (KPBS, pH ϭ 7.4), reacted with biotinylated donkey anti-rabbit or anti-chicken (1:250; Jackson ImmunoResearch, West Grove, PA) for 2.5 h, washed in KPBS, reacted with the ABC complex for 2 h (Vectastain Kit PK-4000, Vector Labs, Burlingame, CA), washed, and reacted with Cy3-streptavidin (1:250; Jackson) for 2 h, washed, and transferred to a rabbit anti-ENaC ␣-subunit antibody (1:1 K; StressMarq, Victoria, BC, Canada) or goat anti-ENaC ␣-subunit antibody solution (1:150, Everest Biotech, Oxfordshire, UK) for 1-2 days. The secondary ABC reaction for these ENaC antibodies followed the same protocol as just described, except biotinylated donkey anti-rabbit or donkey anti-goat antibodies, respectively, were used (1:250, Jackson). After 2.5 h incubation, followed by a KPBS wash, the sections were reacted with Cy2-streptavidin (1:250, Jackson). None of these dyes (Cy2 or Cy3) bled through when carried out as a single immunohistochemical procedure.
Antibodies. A primary rabbit antibody against the ENaC ␣-subunit (Scnn1a) (SPC-403D, 1:1000; StressMarq Bioscience) was used. This antibody was produced against a synthetic peptide from the NH 2-terminus of the ENaC ␣-subunit (amino acids 46 -68, NP_113736; manufacturer antibody designation 3560-2). This antibody detects a single band at ϳ85 kDa in membrane fractions from rat renal cortex in Western blots (18, 32) . Immunostaining of brain stem sections was blocked when this antibody was preadsorbed with the peptide against which it was made. The ENaC ␣-subunit peptide had the following sequence:
LGKGDKREEQGLGPEPSAPRQPTC-COOH and was purchased from Thermo Fisher Scientific (Rockford, IL). It was used at a concentration of 500 g/ml in the blocking experiments. An alternative method sometimes used to demonstrate the specificity of an antibody depends on immunostaining tissue sections from knockout animals, but to date, no brain-specific ENaC knockout mice or rats are available. Finally, when the primary antibody was omitted from the immunostaining procedure, no staining resulted.
A goat antibody to the human ENaC ␣-subunit (EB08950: 1:150, Everest Biotech), which has a similar epitope as the rat, was also used. This was made against the 14-mer peptide EGNKLEEQDSSPPQ-COOH, which is a sequence found near the NH 2 terminus of this protein. The specificity of this reagent was tested in double-labeling experiments. Sections from the rat medulla oblongata were double immunostained, first, with the rabbit antibody to the ENaC ␣-subunit and then, with the goat antibody to the human ENaC ␣-subunit. Because the motor neurons of the dorsal vagal and hypoglossal nuclei were robustly immunostained with both antibodies and the individual motor neurons spatially separated from each other, these two cell groups were excellent sites to compare the efficiency of the immunostaining of these two reagents. Even though the immunostaining obtained with the goat antiserum was weaker than the results obtained with the rabbit antiserum, both antibodies produced comparable results. The goat antibody detected 93% Ϯ 1.4% of the dorsal vagal and hypoglossal neurons that were colabeled with the rabbit antibody. In a separate experiment, the 14-mer peptide that had been used to make the goat anti-ENaC antibody was mixed with the goat antibody (1:150 dilution) and used to immunostain sections. This peptide was used at a 667 g/ml concentration. The addition of this peptide to the antibody solution blocked the immunostaining of the dorsal vagal and hypoglossal motor neurons.
A mouse monoclonal anti-NeuN antibody (NeuN; MAB377; 1:500; EMD Millipore) and a mouse monoclonal anti-tryptophan hydroxylase antibody (5-HT; synthetic enzyme for serotonin; MAB no. 5278; 1:4K; EMD Millipore) were also used in the present studies. These latter two antibodies have been documented as specific reagents in http:// onlinelibrary.wiley.com/journal/10.1002/%28ISSN%291096-9861/ homepage/jcn_antibody_database.htm.
In situ hybridization (ISH). ENaC ␣-subunit probes were made using plasmids purchased from Open Biosystems (␣: clone ID 7100777). cDNA fragments were generated by PCR using genespecific primers coupled with T3 and T7 polymerase sequences, purchased from Integrated DNA Technologies (IDT, Coralville, IA; see Table 1 ).
Digoxigenin (DIG) antisense RNA probes were made using PCR products as template and T7 RNA polymerase (Roche Diagnostics, Indianapolis, IN). Probes were made similarly using T3 polymerase (Promega, Madison, WI) and served as controls for determining nonspecific staining.
Frozen sections through the regions containing the CVOs were placed briefly in 0.01 M KPBS (pH ϭ 7.4) and then transferred directly to prehybridization solution in tissue culture trays. Tissues were incubated for 1 h at room temperature and then 1 h at 37°C. The prehybridization buffer (pH ϭ7.5) contained 0.6 M NaCl (Sigma, St. Louis, MO; Note: all other chemicals were purchased from Sigma except where noted), 0.1 M Tris·HCl, 0.01 M EDTA, 0.05% Na pyrophosphate, 5% dextran sulfate, 0.5 mg/ml yeast total RNA (Roche), 0.05 mg/ml yeast tRNA (Roche), 1ϫ Denhardt's solution (Invitrogen, Carlsbad, CA), 50% formamide (Invitrogen), 0.05 mg/ml poly A, 10 M of the four ribonucleotide triphosphates (Promega), 10 mM dithiothreitol, and 0.5 mg/ml herring sperm DNA. Probes were then added directly to wells at concentrations ranging from 400 -600 ng/ml. Sections were incubated overnight at 55°C before being rinsed in 4x saline-sodium citrate (SSC) buffer/10 mM sodium thiosulfate, treated with RNaseA, rinsed in 2x SSC/10 mM sodium thiosulfate, and rinsed in 0.5x SSC at 37°C. Finally, sections were rinsed in 0.1x SSC for 1 h at 55°C.
After the rinses, sections were blocked in 10% normal horse serum (Invitrogen) and 0.1% Triton X-100 in Tris-buffered saline and then incubated in alkaline phosphatase labeled anti-DIG antibody (Roche) diluted 1:1000 in blocking solution overnight at 4°C. The next day, the sections were washed and colorized using nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche). The reaction was monitored with a dissecting microscope and stopped once the color reaction developed. Three separate 10-min washes were performed in 0.1 M Tris-1 mM EDTA, pH 8.5. Sections were then washed in KPBS, mounted on gelatin-coated glass slides, and cover slipped with 90% glycerol or UltraCruz mounting medium (SC-24941, Santa Cruz Biotechnology, Santa Cruz, CA), which contains 1.5 g/ml of 4=,6-diamidino-2-phenylindole (DAPI) for DNA counterstaining. The cover glasses were sealed with finger nail polish; the slides were then stored in the refrigerator at 4°C.
Cell counts of the ENaC-expressing CVO neurons. The data generated from the cell counts were intended as a way to describe the density of ENaC ␣-positive cells in the CVOs and compare them to nearby sites; they were not meant as a full catalogue of ENaCexpressing sites, which can be found at http://connectivity.brainmap.org/transgenic/experiment/81709690 in the Allen Brain Atlas.
A combination of direct and indirect fluorescence optics was used together to photoimage the CVOs and nearby brain regions. Since these preparations were cover slipped with a mounting medium that contained DAPI (4=,6-diamidino-2-phenylindole, which is a fluorescent dye that binds to the A-T rich regions of DNA), the nuclei were visible with fluorescence optics and the ENaC ␣-subunit positive cell bodies were visualized with brightfield optics.
Photomontages of sections from the AP, SFO, and OVLT were made. For the AP and surrounding region (n ϭ 3 rats), the sections were sampled at 200-m intervals starting with the rostral section at the bregma Ϫ14.04 mm level. The SFO (n ϭ 4 rats) was sampled at 150-m intervals, beginning at the bregma Ϫ1.08 mm level. The OVLT (n ϭ 4 rats) were sampled at three levels: bregma Ϫ0.00 mm, Ϫ0.12 mm, and Ϫ1.08 mm levels, respectively. Bilateral cell counts were made from each region using the MetaMorph program (Molecular Devices, Sunnyvale, CA). Cell densities for each area were averaged, and the final value was expressed as a density measurement, namely, the number of ENaC-expressing cells per unit area. For control counts, we included the median preoptic region (MnPO) and supraoptic hypothalamic nucleus (SON) because both sites are known to be involved in fluid homeostasis. In the brain stem, three control sites were selected because of their proximity to the AP: these were the hypoglossal nucleus (XII), dorsal vagal nucleus (DMX), and NTS. All group data are presented as means Ϯ SE. These mean values were evaluated by the one-way ANOVA and two-tailed Student's t-tests in GraphPad Prism software (San Diego, CA). A P value of Յ0.05 was chosen as signifying a level of statistical significance.
Digital images. Brightfield images were taken on a Nikon microscope using a CCD camera with Nikon ACT-1 software (v2.62). Image cropping, resizing, and adjustments in brightness, contrast, sharpness, and color balance were performed using Adobe Photoshop CS3 (San Jose, CA).
Confocal immunofluorescence images were obtained with an Olympus Fluoview FV500b laser-scanning microscope using either ϫ20 (NA 1.17) or ϫ40 (NA 1.35) oil objective lens in steps of 0.621 or 0.311 m, respectively, through the tissue section. Image resolution was 1024 ϫ 1024 pixels. One pixel in the X-Y plane was the minimum unit of resolution that covered an area roughly 0.6 m ϫ0.6 m. The z-frames were collapsed to a two-dimensional image. Photomontages were constructed, and adjustments in brightness and contrast were made using the Adobe Photoshop program. Manipulations of the confocal stacks, z-frame projections and pseudocoloration were performed using MetaMorph software (Molecular Devices). Cytoarchitectonic boundaries were added to the photoimages with the aide of the Adobe Illustrator program.
Hypertonic and isotonic saline injections. On the day of the experiment, rats (350 -400 g) were injected intraperitoneally with 2 ml of either hypertonic (2M) or isotonic (0.15M) NaCl at 8 to 9:30 AM, and then returned to their home cage for a 2-h period. Then the animals were anesthetized with 8% chloral hydrate (ip) and perfused through the heart with saline, followed by fixative (as above). Brains were removed and stored in fixative for 2-5 days and then were processed for immunohistochemistry.
Sodium deprivation and sodium repletion experiments. Rats were housed in individual cages with wire screen floors to prevent these animals from being able to eat their waste products (a potential source of sodium). For 1 mo, they ate a low-sodium chow (0.01% Na, no. 85292, Harlan-Teklad; Madison, WI) and drank distilled water ad libitum. At the termination of the experiment, the rats were divided into three groups. Group 1 (n ϭ 10) was anesthetized with 8.0% chloral hydrate and perfused as described above. Group 2 (n ϭ 12) was presented with two water bottles: one filled with distilled water and the other with 2M NaCl solution. Group 3 (n ϭ 4) was given a bottle containing 0.15M NaCl solution; preliminary studies showed that under these experimental conditions the rats did not drink distilled water and thus in this experiment a second bottle with only distilled water was not used. The amount of fluids that were consumed from both sources was recorded. After 2 h, the rats in groups 2 and 3 were anesthetized with chloral hydrate and perfused. The brains from these animals were removed and stored in fixative for 1 wk before a double immunohistochemical procedure for c-Fos and ENaC-␣ subunit.
Plasma sodium measurements. A separate group of 24 rats was used for measurement of plasma sodium levels after various manipulations: intraperitoneal injections (2 ml) with 0.15 M or 2.0 M NaCl; sodium deprivation (4 wk); sodium repletion with 0.15 M NaCl after 4 wk of sodium deprivation; and sodium repletion with 2.M NaCl after 4 wk of sodium deprivation (see data in Fig. 5) .
To obtain the plasma samples, the rats were anesthetized with 8% chloral hydrate ip, and 3 to 4 ml of blood were drawn from the left ventricle of the heart in a 10-ml syringe containing heparin (50 Units in 0.5 ml, Abbott, Chicago, IL). Blood plasma was immediately separated by centrifugation (5,000 rpm, 5 min) and sent for determination of the plasma sodium concentration performed in the Core Laboratory for Clinical Studies in the Department of Medicine (WUMS, St. Louis, MO).
c-Fos immunohistochemistry. A c-Fos antibody generated in rabbits against the peptide SGFNADYEASSSRC that corresponds to amino acids 4 -17 of human c-Fos (1:8K; PC38, Calbiochem/EMD Millipore) or a polyclonal c-Fos antibody generated in chickens against the synthetic peptide corresponding to amino acids 168 -380 of human c-Fos.(1:1250; ab14285, Abcam, Cambridge, MA) was used in the analysis of the CVOs. In a separate set of experiments, rats (n ϭ 4) were injected intraperitoneally with 2 ml of 2 M NaCl, and after 2 h, the animals were anesthetized and perfused as above. Serial sections through the SFO were immunostained with rabbit anti c-Fos, followed by the chicken anti c-Fos antibody. Cells counts were made in a 1-in-2 series from the SFO sections, and we found that 89 Ϯ 0.4% c-Fos activated identified with the rabbit anti c-Fos antibody were also immunostained with the chicken anti c-Fos antibody, indicating that the chicken antibody had a slightly lower avidity for c-Fos than the rabbit antibody.
All three CVOs were processed by a double immunofluorescence method to determine the colocalization of c-Fos and ENaC ␣-subunit immunoreactivity. For a general description of double-labeling procedures see recent publications from our laboratory (36, 37) .
RESULTS
The anatomical nomenclature of the rat CVOs as described by McKinley and colleagues (35) is used in this report, with slight modifications for the terminology of the AP. All data are expressed as means Ϯ SE.
Immunohistochemical (IHC) procedures. ENaC ␣-subunit immunostaining was found throughout the AP, SFO, and OVLT. Figure 1 presents examples of ENaC ␣-expressing neurons. In Fig. 1A , ENaCϩ neurons in the dorsal cap of the OVLT neurons have ENaC immunoreactivity in their cell bodies and NeuN immunostaining in their nuclei. Similar results were present in the lateral zone of the OVLT (data not shown). In Fig. 1B , the ventromedial core and outer shell of the SFO contain ␣-ENaCϩ cell bodies and these neurons coexpress NeuN immunoreactivity in their nuclei. In Fig. 1C , ENaC ␣-subunit and tryptophan hydroxylase (synthetic enzyme for serotonin, 5-HT; hence, we will refer to these cells as "5-HT neurons") was coexpressed in AP neurons; the 5-HT cells represent one neuronal phenotype in the AP that projects to the parabrachial region (37) .
In situ hybridization (ISH) preparations of the sensory CVOs. ISH preparations showing mRNA localization of the ENaC ␣-subunit in the OVLT, SFO, and AP are presented in Fig. 2 . The anti-sense probes hybridized with cells in all three CVOs. In the OVLT, dense collections of labeled cells were seen in the dorsal cap and lateral zone of this CVO (Fig. 2A) ; sense probes resulted in no cell labeling in the OVLT ( 2A=). In the SFO, the anti-sense probes show the presence of closely packed, darkly stained cells in the ventromedial core and outer shell of this structure (Fig. 2B) ; the control tissues showed virtually no labeling throughout the body of the SFO. In the AP preparations, dense cell labeling was seen throughout this CVO (Fig. 2C) . The control preparations of the AP showed no cell labeling in this CVO. Some slight residual staining was observed, however, along the outermost edge of the AP (Fig. 2C=) . The subpostremal NTS region had virtually no ␣-ENaCϩ cells, and the medial NTS had only relatively few ␣-ENaCϩ cells. The motor neurons of the DMX and hypoglossal nucleus (XII) were strongly ␣-ENaCϩ, and in the control preparations the staining of the DMX and XII motor neurons was greatly reduced but not completely absent ( Fig  2C=) . Perinuclear labeling was present in the DMX and XII motor neurons, but this did not extend into cell bodies or proximal dendrites and may be related to the histochemical procedure. This does not obscure the principal findings for the AP neurons since the control preparations showed no ISH staining. Finally, it is important to note that ISH data corresponded precisely with the IHC findings.
Cell counts of the ISH preparations. The ENaC cell counts for the individual brain regions were as follows: SFO ϭ 8.11 Ϯ 1.1.7; OVLT 6.92 Ϯ 0.27; AP ϭ 6.33Ϯ 0.17; SON ϭ 5.34Ϯ 0.28; NTS ϭ 3.87Ϯ 0.12; MnPO ϭ 3.52Ϯ 0.16; DMX ϭ 1.96Ϯ0.14; and XII ϭ 0.6Ϯ0.02 cells/m 2 ϫ 10
Ϫ4
. Each of these cell counts was tested by a one-way ANOVA. Statistical differences among the three CVOs (SFO, OVLT, and AP) were not found. However, each of the CVOs was statistically different from the non-CVO regions (MnPO, NTS, DMX, XII) at a level of P Ͻ 0.01 or 0.001, except for the SON. The AP and OVLT were not statistically different from the SON, but the SFO was different by P Ͻ 0.01. Figure 3 presents histograms that summarize these results. When the data from these cell counts were regrouped so a broader comparison could be made, namely, the cell density in the CVOs versus the non-CVOs (SON, MnPO, NTS, DMX, and XII), we found the ENaC cell population in the CVOs was roughly two times greater than the non-CVO areas. The cell density for the CVOs was 7.19 Ϯ 0.46 versus non-CVO regions was 3.14Ϯ0.37 cells/m 2 ϫ 10 Ϫ4 . These groups were tested by the two-tailed Student's t-test, and differed by P Ͻ 0.0001. Thus the CVOs have clearly more ␣-ENaCϩ cells per unit area than the nearby brain regions. Since we did not make a complete analysis of the distribution of ␣-ENaCϩ neurons throughout the brain, we are not making the claim that the CVOs are the most ENaC-rich region of the brain. Figure 4 illustrates the five experimental conditions that were used to examine the c-Fos activation pattern in the ENaC-expressing CVO neurons following peripheral manipulations of sodium levels. Table 2 presents the results showing plasma sodium concentrations after these various manipulations.
c-Fos activation of the ENaC-expressing neurons of the CVOs following systemic sodium changes.
Injections of isotonic saline (Fig. 4A) did not produce c-Fos activation of any of the CVOs. This treatment did not affect plasma sodium levels (Fig. 5) . In contrast, the hypertonic saline (Fig. 4B ) induced c-Fos activity in the dorsal cap of the OVLT, outer shell of the SFO, as well as in the ventrolateral zone of the AP. Injections of hypertonic saline increased plasma sodium concentration by 4.6% (Fig. 5) . After sodium deprivation (Fig. 4C ), c-Fos activity was found predominantly in the lateral zone of the OVLT and ventromedial core of the SFO, and none was found in the AP. This treatment resulted in a 1.4% increase in plasma sodium concentration which was not significant (Fig.  5 ). In the sodium repletion experiments (Fig. 4, D and E) , the OVLT showed a similar c-Fos expression pattern as seen in the sodium deprivation experiments wherein c-Fos activity was confined mainly to the lateral zone of the OVLT. In addition, in the repletion experiments, the patterns were the same, but the density of c-Fos activation varied as a result of the sodium concentration used. In the 2M NaCl repletion experiments (Fig.  4D) , the outer shell of the SFO and ventrolateral zone of the AP were c-Fos activated, which was similar to the results found in the hypertonic saline experiments. These experiments resulted in an 8.2% increase in plasma sodium (Fig. 5) . In the 0.15M NaCl repletion experiments (Fig. 4E) , c-Fos activity in all three CVOs was widespread and extremely dense. Plasma sodium levels increased 5.3% (Fig. 5) .
The differences between the two types of repletion experiments may relate to the taste pleasantness of the two NaCl solutions; the 2M solution would be repugnant while the 0.15 M would be highly pleasant given the length of time these animals were sodium deprived. As shown in Table 2 , these two groups of rats consumed very large differences in the amount of sodium and fluid consumed. The 0.15M NaCl repletion group drank more than twice the amount of sodium per gram of body weight and over five times the volume of fluids per body weight than the 2M NaCl repletion group. These two differences may also account for considerably more c-Fos labeling in the CVOs of the 0.15M NaCl-repleted rats compared with the rats that consumed 2M NaCl.
Finally, there were topographical differences in the c-Fos expression in the AP in the repletion experiments, as well as in the hypertonic saline injection cases. The rostralmost AP sections were nearly devoid of c-Fos activity, whereas the caudalmost sections had large numbers of c-Fos expressing neurons. Colabeled ENaC and c-Fos neurons are shown in Fig. 6 .
DISCUSSION
Major findings. This study demonstrates that: 1) the concentration of ENaC-expressing neurons in the sensory CVOs greatly exceeds that found in nearby brain sites by ϳ2 times; 2) ENaC-expressing CVO neurons become c-Fos activated following intraperitoneal injections of hypertonic saline, while comparable injections of isotonic saline had no effect and these findings are in agreement with a previous study (22) ; 3) sodium deprivation induces c-Fos activation of ENaC-expressing neurons in the OVLT and SFO but has no noticeable effect in the AP; the latter result is different from what has been reported in sodium depletion experiment in which the diuretic drug furosemide was used to induce NaCl loss (35) perhaps because this drug blocks GABA-A receptors in the brain (29); 4) sodium repletion elicits c-Fos activation of ENaC-expressing neurons in all three sensory CVOs, especially in the AP; and 5) increases in c-Fos activity in the CVOs were correlated with increases plasma sodium concentration.
Because c-Fos activity was present in the OVLT and SFO 1 mo following sodium deprivation, the repletion experiments are complicated by this residual c-Fos labeling. When comparing the c-Fos patterns found in the sodium-repleted versus sodium-deprived animals, sodium repletion elicited additional c-Fos activity in the outer shell of the SFO and dorsal cap of the OVLT. Also, the density of c-Fos activity in the lateral zone of the OVLT appeared greater than in the sodium deprivation cases. However, the important underlying observation seems to be that neurons in the OVLT and SFO react to any significant change in sodium intake, either excessive intake or deficient intake. One interpretation of this observation is that these two regions are involved in balancing sodium intake or plasma levels. The fact that different regions of the OVLT and SFO are active during deprivation versus repletion seems to suggest that the heterogeneity of these regions may reflect either positive or negative control systems. In marked contrast to these two regions, the AP was inactive during sodium deprivation but active during any condition of elevated plasma sodium. This observation is consistent with previous studies that have shown that the AP is an important negative regulator of sodium appetite, which limits excessive sodium intake (for review see Ref. 11) . This could mean that activity in the AP leads to diminished sodium appetite, whereas activity in parts of the OVLT or SFO that are uniquely active during sodium deprivation could conceivably be directed at increasing sodium appetite.
The actual mechanism (s) responsible for the c-Fos activation of the CVO neurons described here remains unknown. Manipulations of sodium levels may be one factor, but we cannot exclude the possibility that osmolality changes and/or the action of various hormones including angiotensin II may have been involved. Nevertheless, the key observation of the present study is the ENaC-expressing neurons of the CVOs are affected by these changes.
A number of different types of receptors have been identified in the SFO and AP using gene chips (19, 20) , but this type of analysis is limited because it does not determine whether these putative receptors are localized in neurons, astrocytes, or endothelial cells. Thus single-cell analyses need to be performed to further advance our information regarding the CVOs. Moreover, the microarray studies do not distinguish whether or not there are unique regional distributions of receptors within the neuronal subpopulations within the AP, SFO, or OVLT, which potentially have unique functions. For example, are there variations with the ventromedial core versus the outer shell of the SFO, such has been shown by McKinley and coworkers (35) .
Both OVLT and SFO were activated in high and low sodium states, but the pattern of c-Fos activation within each of these CVOs is distributed in a spatially complementary manner. In states of low sodium, the ventromedial core of the SFO was c-Fos activated, whereas in high-sodium states, the outer shell was activated. Moreover, the c-Fos activation patterns of the SFO between the two high-sodium states were different. When a normal rat was injected with hypertonic saline, the dorsal section of the outer shell of the SFO was heavily c-Fos positive (c-Fosϩ) with only a few c-Fosϩ cells found in the more ventral sites.
When sodium-deprived rats were repleted with 2M or 0.15M sodium, analysis of the c-Fos pattern was complicated by the fact that residual c-Fos activated neurons from the sodiumdeprived state were surely still present in the SFO and OVLT. In the sodium-deprived state, the ventromedial core of the SFO Values are means Ϯ SE. N/A, not available. Sodium manipulations were used to elevate c-Fos activation patterns in epithelial sodium channel (ENaC)-expressing neurons of the sensory circumventricular organs (CVOs) The rats that received hypertonic saline injections were given 13 times more sodium per body weight than the animals receiving isotonic saline injections. Furthermore, sodium-repleted rats had sodium/body weight levels that greatly exceeded the levels seen after the hypertonic saline injections. This increase was by a factor of 5. The 0.15M NaCl repletion rats consumed 2.25 more times sodium per gram of body weight than the 2M-repleted rats. Sodium-repleted rats ingested more volume per body weight than was injected into the rats treated with hypertonic saline. The rats used in the 2M NaCl repletion and 0.15M NaCl repletion experiments drank 11 and 64 times, respectively, more volume per body weight than was injected. Fig. 5 . Plasma sodium concentrations after sodium injections, sodium deprivation, and sodium repletion. The plasma [Na ϩ ] values from normal rats (control) versus rats that received isotonic saline injections were not statistically different. Rats that received hypertonic saline injections or were sodium repleted had higher sodium plasma levels than control animals (P Ͻ 0.001). Sodium-deprived rats showed a small increase in plasma sodium levels compared with normal rats (P Ͻ 0.05), suggesting that some homeostatic mechanism withdraws sodium from sodium reservoirs, such as bone, to buffer extreme plasma sodium derangements. contained c-Fosϩ cells, but c-Fos activity was also present in this site in the sodium-repleted state. There is no method that we aware of which would permit us to distinguish between "new" versus "old" c-Fos-activated neurons. Nonetheless, we favor the interpretation that both types of c-Fosϩ neurons were present. Note, however, that more c-Fosϩ neurons were present in outer shell of the SFO, especially in its ventral and ventrolateral parts, than present in the SFO during the sodiumdeprived state. Since quantitative studies were not performed to verify these observations, future studies need to explore this issue. Finally, it is not clear whether the c-Fos activation seen in the outer shell of the SFO is directly related to sodium intake or is due to plasma osmolality changes due to the consumption of large volumes of saline.
The OVLT showed different "new" versus "old" c-Fos patterns of activation as well. After injection of hypertonic saline, only the dorsal cap was c-Fosϩ, whereas in both sodium-depleted and -repleted animals, the main site of c-Fos activation was the lateral zone of the OVLT. The sodiumrepleted animals still showed c-Fos activation in the dorsal cap. Finally, the c-Fos expression pattern in OVLT and SFO for the sodium-depleted state appears similar to what has been reported following exogenous administration of angiotensin II (33, 34, 49) with the exception that the AP was not affected. In the sodium-deprived state, the SFO and OVLT neurons may have been c-Fos activated as the result of increased levels of circulating angiotensin II or possibly other hormones.
The AP showed almost no c-Fos activity in the sodiumdeprived state. In contrast, the ventrolateral AP region was highly activated following hypertonic saline injections or after sodium repletion, suggesting that the latter group of AP neurons function as part of a negative feedback system. Presumably, these neurons are part of an ascending pathway that reaches the forebrain reward centers and causes a cessation of the motor activity associated with sodium consumption. One other point to be noted is that very large numbers of c-Fosϩ neurons were present in the core and ventrolateral region of the AP in the repletion experiments. The total number c-Fosϩ neurons found in the 0.15M experiments appeared to exceed that found than in the 2M repletion experiments. The reason for this difference is unknown but may be due to very large fluid volumes (ϳ40 -70 ml) that were consumed in the former experiments.
Previous studies implicating the role of central ENaCs in control of blood pressure. Brain ENaCs may be involved in the control of blood pressure since continuous intracerebroventricular infusion of benzamil, an amiloride analogue which selectively blocks these channels, prevents various forms of experimental hypertension. Benzamil prevented mineralocorticoid hypertension produced by chronic infusion of aldosterone (14) or deoxycorticosterone, a precursor in the aldosterone biosynthesis pathway (1) . Central administration of benzamil also blocked the development of hypertension in Dahl salt-sensitive rats (15) and spontaneously hypertensive rats (39) .
Benzamil was used at nanomolar or low micromolar concentrations in these experiments, which is within the range where it produces selective blockade of ENaCs (28) . Central administration of other amiloride-related drugs, some of which had a greater affinity for the Na ϩ /Ca 2ϩ exchanger than ENaCs, also blocked DOCA-salt induced hypertension (26) . Since it is unknown whether the latter drugs had blockade effects on ENaCs as well, some confusion remains because it is unknown whether the drug effect acts on brain ENaCs alone or in combination with the Na ϩ /Ca 2ϩ exchanger. Finally, the brain sites where the amiloride drugs act also remain unknown.
Hormonal changes occur after plasma sodium manipulations. To relate our findings to previous studies, a useful starting point is to compare the present c-Fos data from the sodium repletion experiments with the c-Fos data from isotonic volume expansion studies (13, 40) . As shown in Table 2 , sodiumrepleted animals consumed large amounts of fluids as they were in the process of reestablishing bodily sodium levels. One group of rats that drank both saline plus water consumed a total of ϳ25 ml in a 2-h period (5 ml of 2 M NaCl and 20 ml of water); the other group drank ϳ70 ml of 0.15M NaCl in 2 h. These intake volumes represent ϳ7% and ϳ40%, respectively, of the total body weight of these animals. Such large fluid ingestions almost certainly caused an expansion of blood volume that exceeded those used in previous studies (13, 40) . Presumably, these volumes elicited similar hormonal responses as demonstrated by Godino and her colleagues, namely, large increases of atrial natriuretic peptide (ANP) and oxytocin, along with a decrease in vasopressin (13) . All three of these neuropeptides target the brain, and one of them in particular, ANP, binds intensely to the SFO, OVLT, and AP (12, 30, 42 (51) . Furthermore, a potent nonpeptide vasopressin antagonist SR-49059 which binds preferentially to V1a receptors produced intense labeling in the SFO and AP but not in the OVLT (52) . One possibility is that volume expansion elicits c-Fos activity in the CVO neurons due to parallel cellular mechanisms: one acting on ANP receptors and the other utilizing ENaCs. Previous studies in the kidney have shown that ENaCs are regulated by ANP (17, 53) , and determining whether similar mechanisms are operational in the sensory CVO neurons will be an important area for future studies.
Under conditions of sodium restriction, angiotensin levels increase and this peptide has been shown to regulate ENaCs in the kidney (4). In the brain, it is possible that a similar type of dual cellular mechanism affects particular subsets of sensory CVO neurons where both ENaCs and angiotensin receptors are part of a common signaling system.
ENaCs as a component of the sodium signaling system in the sensory CVOs. ENaCs belong to a family of channels that permit Na ϩ entry into cells. Unlike voltage-dependent sodium channels that are gated by voltage changes and carry the major inward current of action potentials in excitable cells, ENaCs lack a voltage sensor and allow inward sodium current to enter cells at all physiological potentials.
Conceivably, ENaCs could be key players in the CVOs that sense the initial phase of plasma Na ϩ changes and translate these chemical signals into neural activity affecting three separate but related centrally controlled functions: sodium appetite, sodium-induced changes affecting the cardiosympathetic outflow, and release of vasopressin. However, the direct sensing of extracellular sodium concentrations via a mechanism involving ENaCs would require them to discriminate sodium concentrations within a narrow range of plasma sodium ion variation. Such a requirement makes this an unlikely possibility. On the other hand, the activity and/or synthesis of ENaCs may respond to plasma sodium ion variation indirectly. Because of the absence of a blood-brain barrier in the sensory CVOs, CVO neurons are directly exposed to the plasma and may respond electrically to circulating hormones such as angiotensin II that bind to the receptors found in these sites. Whether individual neurons coexpress ENaCs and angiotensin II receptors or other receptors involved in sodium homeostasis is unknown and is an important issue that needs to be explored in future studies.
How would increased expression of ENaCs change membrane electrical excitability? The increased expression or activity of ENaCs would increase sodium leak current into the cell resulting in the cell's resting potential being moved closer to the action potential threshold producing an overall increase in neuronal excitability. Sodium leak currents have long been recognized as producing an increase in cell excitability (8, 47) and are believed to be a key factor in seizure disorders (41) . As a result, many anti-epileptic compounds are preferential inhibitors of a portion of sodium leak current carried by voltagedependent sodium channels. Under normal physiological conditions, sodium leak current carried by voltage-dependent sodium channels regulate cell excitability, as shown by their mediation of the pattern of bursting in neurons of the SFO (54) . In addition to voltage-dependent sodium channels, it is becoming increasingly clear that ENaCs also carry a significant portion of persistent sodium leak current. ENaCs have been shown to be a significant determinant of membrane resting potential in both nonneuronal cells (7) and neuronal cells (50) where they regulate excitability in magnocellular cells of the rat supraoptic and paraventricular hypothalamic nuclei. Overall, increased ENaC activity in CVO neurons would depolarize the membrane potential and change their electrical firing pattern. Whether the net effect would be excitation or inhibition depends on the pool of other channel types present in the cell as well as the ENaC current. Depending on the magnitude of the ENaC sodium current, net excitability would result in neurons which were moved closer to their action potential threshold; in contrast, net inhibition would result in cells subjected to tonic depolarization where excitable channels are moved into a stable inactivated state. As mentioned, both voltage-dependent sodium channels and ENaCs produce persistent sodium currents and both may work hand-in-hand to control cell excitability. Each has its advantages and drawbacks. Persistent sodium currents from voltage-dependent sodium channels are voltage sensitive and thus open only in a particular voltage range, and vary in their amplitude. Furthermore, they may prove more difficult to regulate because the same channels produce both transient and persistent Na ϩ currents and downregulation of a single channel type will downregulate both persistent and transient Na currents. Alternatively, ENaCs are voltage independent (27) and can tune cell excitability over the entire voltage range. Overall, the flexibility of the system to modulate the electrical output of the CVOs is very great, and if common circulating hormones target ENaCs in a parallel way in kidney and CVOs, these hormones could well coordinate the brain-mediated functions such as sodium appetite as well as affect sodium uptake in the kidney.
Sensitivity of CVOs in detecting small fluctuations in osmolality.
SFO neurons detect osmotic changes as small as 1 mOsm, and these changes are translated into ϳ0.1-Hz changes in firing frequency of these neurons (3). This suggests another indirect way that ENaCs could participate in responding to fluctuations in plasma sodium concentrations. Because of the very high sodium selectivity of these channels, cells with high levels of ENaC expression might be particularly sensitive to osmotic imbalances caused by sodium ion concentrations per se, thus enabling them to discriminate between osmotic changes caused by fluctuations in sodium versus other cations. Small changes in neuronal firing frequency, such as those noted by Anderson and coworkers (3), may be act in combination with specialized G protein-coupled receptors (GPCRs), such as those that have been implicated in sodium-water balance functions like vasopressin, angiotensin II, oxytocin, and/or ANP. Thus the parallel actions of ENaCs and GPCRs may ultimately determine the electrical activity of the CVO neurons.
Other types of sodium channels of importance for detection of plasma sodium levels. In the SFO and OVLT, astrocytes have been described that express Na x channels (Scn7a) and function as sodium sensors (55) . The cells open their Na x channels in response to increased extracellular Na ϩ , which permits Na ϩ to enter these cells (21) . This resulted in increased anaerobic glucose metabolism in these cells, causing an elevation in intracellular lactate (45) . As the lactate builds up, it eventually becomes dispersed throughout the CVO and exerts a paracrine effect by exciting local GABA neurons (45) . The Na x channel is probably not directly involved in the stimulation of sodium appetite because it is activated by large increases in extracellular sodium that exceed 150 mM such as occurs during periods of prolonged water deprivation or after ingestion of hypertonic saline (11) . Na x channels are also present in the neurons of the OVLT, SFO, and AP (38) , so more work will be needed to resolve their role in the regulation of sodium appetite and blood pressure.
Perspectives and Significance
Intraperitoneal injections of hypertonic saline elicited c-Fos activation of ENaCϩ neurons in all three CVOs, while isotonic saline injections were without an effect. Sodium deprivation resulted in c-Fos activation of ENaC-expressing neurons in the OVLT and SFO but not in the AP. However, sodium repletion following 1 mo of sodium deprivation produced c-Fos activation in ENaCϩ neurons in AP, as well as the OVLT, and SFO. These data raise the possibility that ENaCs expressed in CVO neurons may underlie a common mechanism for coordinating a concert of many aspects essential to sodium ion metabolism. Such aspects may include osmoregulation, sodium appetite, and central regulation of vasomotor sympathetic drive. Since all of these factors must be tightly coordinated with sodium uptake in kidney, it is plausible that circulating hormonal factors, such as angiotensin II, ANP, and related hormones as well as solutes (Na ϩ ) that modulate ENaC expression in kidney may also affect the ENaC-expressing neurons of the CVOs.
